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Abstract. It is essential for the automotive industry to improve efficiency and mitigate frictional losses in IC 
engines.   About 20-25% of these frictional losses arise as a result of the piston ring pack-liner assembly.   By 
reducing the friction, there is potential to improve fuel consumption and emissions. This paper conducts a multi-
physics, multi-scale investigation for the piston ring to cylinder liner conjunction, analysing the fundamental 
tribology, asperity interactions and boundary conditions. A 2D hydrodynamic model has been created based on 
Reynolds equation for a piston ring – cylinder liner conjunction.   The model uses a finite difference method, 
calculating friction and the minimum film thickness over a 4-stroke engine cycle. 
 
Nomenclature 
  Apparent contact area 
  Asperity contact area 
  Ring face-width 
  Damping coefficient 
c  Ring crown height  
  Ring radial width (thickness) 
  Composite reduced elastic modulus of the contacting pair 
  Total generated contact friction 
  Boundary friction 
  Viscous friction 
  Applied contact load 
  Statistical function 
  Statistical function 
  Ring elastic force 
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  Gas force acting behind the ring rim 
G  Ring end gap 
  Lubricant film thickness 
  Minimum film thickness 
  Axial profile of the ring 
  Second moment of area 
  Ring circumferential length or bore perimeter 
  Connecting rod length 
  Iteration number 
  Gauge pressure 
  Ring elastic pressure due to fitment 
  Gas pressure acting behind the inner ring rim 
  Pressure at the ring inlet conjunction 
  Combustion pressure 
  Crank-pin radius 
  Nominal bore radius 
  Temperature-viscosity index 
  Time 
  Sliding velocity  
  Lateral velocity (speed of side leakage flow) 
  Velocity vector 
  Total load carried by the contact 
  Load share of asperities 
  Hydrodynamic load 
  Direction along the ring face-width 
  Film rupture boundary 
  Direction along the bore circumference 
  Pressure-viscosity index 
 
 
 
Greek symbols 
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  Pressure-viscosity coefficient 
  Modified pressure-viscosity coefficient 
  Temperature-viscosity coefficient 
  Limit of pressure convergence 
  Number of asperities per unit area of contact 
  Crank angle 
  Lubricant dynamic viscosity 
  Atmospheric dynamic viscosity  
  Load balance parameter 
  Liner temperature 
  Reference temperature 
  Average asperity tip radius of curvature 
  Conformability coefficient (factor) 
  Stribeck’s oil film parameter 
  Lubricant density 
  Lubricant density at atmospheric pressure 
  RMS composite surface roughness 
  Pressure coefficient of boundary shear strength of asperities 
  Eyring shear stress 
  Engine speed 
 
1 INTRODUCTION 
The automotive industry is driven by the need to manufacture more efficient vehicles, with strict regulations 
on emissions set across the globe to reduce the effects of greenhouse gases.   The penalty for failure to comply to 
the standards set by the various emissions authorities can be high, not just financially, global reputations are also 
at stake. In order to meet these demands for lower emissions the manufacturers have to develop new technologies 
and reduce frictional losses in existing systems to improve their fuel and carbon emission efficiencies.   By 
reducing the frictional losses and wear in many tribological components such as bearings, pistons, gears and 
clutches the efficiency of automotive vehicles can be increased. 
 
Tung and McMillan [1] suggested that if the tribological performance of engines and their components can be 
increased it would generate several benefits; reduced fuel consumption, increased engine power output, reduced 
oil consumption, a reduction in harmful exhaust emissions, improved durability, reliability and engine life and 
reduced maintenance requirements and longer service intervals. 
 
A breakdown of all of the contributors found in the study conducted by Tung and McMillan [1], looking 
specifically at the losses due to friction;  ‘Braking and Coasting’, ‘Engine Friction’ and ‘ Axle and Transmission 
Friction’, it is possible to break down these losses. The study shows that frictional losses due to the piston rings 
and piston skirt, the main contributors, could be as high as 48% of the total energy consumption of an engine in a 
light duty vehicle. Given the size and structure of piston rings, the contribution to total frictional losses in an 
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engine is disproportionate to their relative inefficiencies, hence the need for further study in this field. 
 
The piston ring pack in a modern day Internal Combustion (IC) engine is made up of the piston, connecting 
rod, gudgeon pin, top compression ring, scraper ring, oil control ring, cylinder liner and engine block. To 
perform its sealing function efficiently, the upper part of the piston is encircled by flexible metal sealing rings 
known as the piston rings, of which there are typically three in petrol engines, two compression rings and an oil 
control ring. Three ring systems are common in automotive engines, with the exception of racing engines where 
there is no second ring due to the reduced height of the piston being a restriction. 
 
Originally piston rings were used to seal the combustion chamber gases, in order to prevent the gas travelling 
between the piston and the cylinder wall into the crankcase. Ramsbottom [2] created the piston ring for a steam 
engine in 1852. It was a single piece metallic ring, which when fitted into the piston groove, pressed against the 
cylinder bore as a result of its own elasticity.    In 1862 Miller introduced a modification which allowed the steam 
pressure to act on the back of the ring to provide an increased sealing force [3]. The ability of the ring pack to act 
as a seal is dependent on a number of factors [4]; ring and liner conformability, radial tension and the gas force 
distribution on ring faces. 
 
The piston rings perform several important functions [5]. The upper compression rings must maintain an 
effective seal against combustion gases leaking past the pistons into the crankcase. This allows for a better power 
output and prevents blow-by. These rings also provide a means by which surplus heat is transmitted from the 
piston to the cylinder wall and to the cooling jacket. The lower oil control ring serves to control and effectively 
distribute the lubricating oil thrown on to the cylinder walls, consistent with maintaining good lubrication and an 
acceptable oil consumption as well as preventing wear of the liner. Failure to achieve this leads to the following 
[4]; the engine not developing the required power, the crankcase getting pressurized, the crankcase oil becoming 
black, the carryover of oil to the combustion space, thereby fouling the exhaust passage, thick gummy deposits 
due to the burning of lubricating oil and piston rings getting clogged up. 
 
Compression rings tend to experience harsher operating environment with respect to both temperature and 
pressure. If the velocity and acceleration profile of the piston ring is plotted, it can be easily traced that it has 
maximum speed at mid-stroke, and very low and both dead centres.   This is beneficial at mid-stroke where 
hydrodynamic lubrication is possible with very less lubricating oil. Toward either end, the lubrication goes into 
TDC, during the power stroke, the temperature and pressure both are high creating a radial force, squeezing out 
the lubricating film. Effective lubrication is possible by barrel shaped ring face profile. Failure to provide such 
profiles will result in high wear rates. The oil control ring has a two-landed edge backed up by a coiled spring to 
enhance conformability with the liner. Two lands are used to ensure at least one of the lands will control the oil 
during anytime of the engine cycle. The focus of this analysis is on the conjunction between the top compression 
ring and the cylinder liner. The overall aim is to create a 2-dimensional numerical model comprising 
hydrodynamic and mixed regimes of lubrication. This paper presents the methodology developed to predict the 
generated pressures through solution of Reynolds equation through Finite Difference Method. 
2 METHODOLOGY 
2.1 Hydrodynamics 
 Reynolds equation [6] is the fundamental equation of fluid film lubrication theory. It equates a series of 
pressure terms based on “Poiseuille”-type flow analysis and shear terms based on “Couette” flow model 
originated from wedge effect as well as the effect of squeeze terms. The equation for a compressible and piezo-
viscous lubricant in Cartesian coordinates is described as follow: 
 
     (1) 
 
2D Reynolds equation is an elliptic partial differential equation of the second order. The general methodology 
used for discretisation of this equation using Finite Difference Method (FDM) is the Point Successive Over-
Relaxation Method (PSOR) method [7, 8]. 
 
The sliding velocity of the ring is obtained using using [9]; 
S.R. Bewsher, M. Mohammadpour, H. Rahnejat and G. Offner. 
     (2) 
 
The equation assumes that there is no relative motion of the ring with respect to the piston, in other words, 
ring flutter and twist are not taken into account in this preliminary analysis. 
 
It is shown that the Reynolds (or Swift Steiber) boundary condition is suitable for the piston ring application 
[10]. According to this boundary condition, the pressure at the ring inlet assuming the fully flooded conditions is: 
 
          (3) 
 
and at the exit, where cavitation occurs is: 
 
           (4) 
 
and 
 
           (5) 
 
where,  is the pressure at the ring inlet which depending on the direction of the motion of the ring can be 
assumed to be combustion chamber pressure or the crankcase (or interring) pressure.  is the cavitation pressure 
which is normally considered to be the same as the atmospheric pressure. In this representation,  is the 
point in the divergent region of the ring where cavitation inception occurs. It should be noted that the piston ring 
dynamics have not been considered in this analysis. 
 
2.2 Lubricant Rheology 
 
Under conditions where the lubricant’s density can alter with pressure, such as in a piston ring assembly, one 
must take into account the pressure dependency of the density. The most common equation is the well-known 
Dowson and Higginson model [11]: 
 
        (6) 
 
where  is the absolute is pressure of the lubricant in the contact and  is lubricant density at ambient pressures 
[12].   Atmospheric pressure has been assumed to be 101325Pa.   This has been modified to take into account the 
effects of temperature; 
 
    (7) 
 
Pressure can affect the lubricants behaviour and it is important to take into consideration the effect this has on 
the viscosity.   The Barus law is used to determine the lubricant viscosity as it varies with pressure at a constant 
temperature [13]; 
 
          (8) 
 
where  is the oil viscosity at gauge pressure, p, is the viscosity at , and  is an oil dependent 
constant called the pressure viscosity coefficient with units of m2N-1.   The Barus law can be inaccurate since  
can vary depending on temperature and pressure [12]. 
However, a more accurate model is that of Roelands [14], which was further developed by Houpert [15].   It 
is important to account for the lubricant viscosity and density being affected by temperature and pressure as these 
parameters can affect the rheology and thus the behaviour of the lubricant in the contact; 
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          (9) 
 
where η is at the temperature ( ) of the film.   Morris et al. [16] used an analytical control volume thermal 
mixing model. They showed that the lubricant temperature in the compression ring-liner conjunction closely 
follows that of the cylinder liner, with generated heat due to viscous shear heating accounting for less than 2%. 
Therefore, in the current analysis the average temperature of the liner is used as .    is a function of both the 
pressure and temperature, with  being the reference or ambient temperature: 
 
     (10) 
 
The oil constants Z and S0 are independent of both pressure and temperature.   They are found using: 
 
         (11) 
 
          (12) 
 
Where  is the viscosity coefficient index of the lubricant. 
 
3.3 Conjunctional Geometry 
In the absence of surface deflections due to the EHL effect and other thermal and elastic global deformations, 
the film thickness has been calculated based upon the nominal or minimum film thickness, hm, and the ring axial 
profile,  [12].   For the purpose of the initial study the global deflection at the circumferential location and the 
localised contact pressure-induced deflection has not been considered. 
 
        (13) 
 
 has been considered as the minimum clearance between the ring and the cylinder liner.   The ring profile 
is assumed to follow a parabolic shape.  The axial profile of the ring is given by; 
 
          (14) 
 
where b is the ring face width and c is the ring crown height. In addition, it is assumed that the profile of the ring 
remains the same around the periphery. 
 
3.4 Forces Acting On the Ring 
 
For all crank angles the force acting on the ring onto the bore surface is; 
 
          (15) 
where, the gas force acting behind the inner rim of the ring is; 
 
           (16) 
 
 is found using the combustion pressure curve. The ring tension force is; 
 
           (17) 
 
The elastic pressure is calculated using; 
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           (18) 
 
for a ring with a rectangular cross section; 
 
           (19) 
 
It is assumed that the load, , applied to the ring will be in equilibrium to the reaction of the contact force, 
.   Thus the following convergence criterion is applied for all crank angles; 
 
           (20) 
 
Where, .   In the case where the load balance criterion is not achieved, the minimum film thickness 
is updated using the below equation; 
 
         (21) 
 
where,  is a damping coefficient with the value 0.01.  is then calculated as; 
 
          (22) 
 
 
3.5 Contact Model 
 
The applied load on the ring as a result of gas pressure and ring tension equates to the hydrodynamic reaction 
and the load share of asperities on the opposing surfaces. The hydrodynamic load can be found using: 
 
          (23) 
 
The Greenwood and Tripp [17, 18] method has been used to represent the part of the load which is carried as 
a result of asperities by Rahmani et al. [7]; 
 
       (24) 
 
, the roughness parameter, is found using topography and  is a measure of a typical asperity slope. 
It should be noted that a Gaussian distribution is assumed. 
The total generated contact friction at any instant of time is: 
 
          (25) 
 
The boundary friction caused by the asperities is obtained using; 
 
          (26) 
 
The total area of asperity tips  is found as; 
 
        (27) 
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The viscous friction is calculated as: 
 
          (28) 
 
 
where, the shear stress,  is obtained as: 
 
         (29) 
 
 
3.6 Method of Solution 
Reynolds equation has been discretised using a finite difference central discretisation method. A point 
successive over-relaxation method is then used to obtain the pressure for each point (i,j) [8]. The resulting 
numerical model uses the flowchart described in Figure 1. 
Piston ring 
geometry
Oil properties
Engine rotational 
speed
In-cylinder 
combustion gas 
pressure
Assume an initial 
minimum film 
thickness
Pressure boundary 
conditions
Find pressure 
distribution from 
discretised Reynolds 
equation
Calculate load 
carrying capacity
Update minimum 
film thickness
Calculate frictionYes
Calculate load on 
the ring (gas force 
and ring tension)
Is applied load equal to 
load carrying capacity?
No
 
 
4 DISCUSSION 
The numerical simulations carried out for this paper were conducted using the input from a four stroke four 
cylinder gasoline engine used in a C-segment vehicle.   Figure 2 shows the in cylinder combustion pressure for 
the engine when running at 1500rpm and Figure 3 shows the measured variation in liner temperature. The engine 
data can be found in Table 1, lubricant properties in Table 2 and material properties in Table 3. 
Figure 1: Flowchart showing the method of solution for the numerical model 
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Table 1: Engine Data 
 
Parameters Values Units 
Torque 52.03 Nm 
No. of cylinders 4 - 
Engine type Gasoline SI - 
Crank-pin radius, r 39.75 mm 
Connecting rod length, l 138.1 mm 
Bore nominal radius, r0 44.52 mm 
Ring crown height, c 10 m 
Ring axial face width, b 1.15 mm 
Ring radial width, d 3.5 mm 
Ring free end gap, G 10.5 mm 
 
 
 
 
 
Figure 2: Combustion Pressure 
Figure 3: Measured liner temperature 
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Table 2: Lubricant properties in atmospheric pressure and 40oC 
 
Parameters Values Units 
Lubricant viscosity,  0.05 kg/ms 
Lubricant density,  833 kg/m
3 
 1 x 10
-8 m2/N 
Eyring shear stress,  2 MPa 
 
 
Table 3: Material properties and surface topographical parameters 
 
Parameters Values Units 
Liner material Grey cast iron - 
Modulus elasticity of liner 
material 
92.3 GPa 
Poisson ratio for liner material 0.211 - 
Density for liner material 7200 kg/m3 
Ring material Steel SAE 9254 - 
Modulus elasticity of ring 
material 
203 GPa 
Poisson ratio for ring material 0.3 - 
Roughness parameter ( ) 0.04 - 
Measure of asperity gradient 
( ) 
0.001 - 
Shear strength of asperities (       0.17 - 
Density for ring material 7700 kg/m3 
 
 
Figure 4 shows the axial pressure profile along the ring face at a crank angle of 90 degrees under isothermal 
conditions. Reynolds boundary condition has been applied at the point where the pressure drops below zero, with 
the assumption that there would be rupture in the lubricant film and cavitation would occur. Figure 5 shows the 
cyclic total friction at each crank angle. It can be seen that friction reaches a maximum during the power stroke. 
 
 
 Figure 4: Pressure Distribution at 90º crank angle 
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5 CONCLUSION 
The paper presents a 2D hydrodynamic numerical solver for Reynolds equation for the compression ring to 
cylinder liner conjunction. The model takes into account forces acting on the ring, lubricant rheology and 
asperity contacts to calculate boundary friction. The model can be used to accurately predict the friction and 
power loss within the conjunction. 
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